Purpose To investigate an association between reperfusion and the percentage of shrinkage of the aneurysmal sac after embolization of pulmonary arteriovenous malformation (PAVM) and to determine the cutoff value of the shrinkage percentage for indicating reperfusion. Materials and methods Twenty-two PAVMs with completely embolized feeding arteries with coils were examined. The percentage of sac shrinkage and the presence of reperfusion were evaluated on computed tomography before and 1, 3, and 12 months after embolization. The percentages of sac shrinkage were compared between the occlusion and reperfusion groups. The receiver-operating characteristic (ROC) curve was generated to determine the diagnostic efficiency of reperfusion of PAVM by using shrinkage percentages. Results Reperfusion was seen in 14, 13, and 11 lesions at 1, 3, and 12 months, respectively. The mean percentage of sac shrinkage was significantly different between the two groups at 3 and 12 months. The area under the ROC curve was 0.991 at 3 months and 0.934 at 12 months. All 9 lesions with \60 % sac shrinkage at 12 months showed reperfusion. Conclusion The percentage of sac shrinkage was closely associated with reperfusion after embolization of PAVMs at 3 and 12 months. A shrinkage percentage of \60 % at 12 months indicated reperfusion.
Introduction
Pulmonary arteriovenous malformation (PAVM) is an abnormal connection between the pulmonary arterial circulation and the pulmonary venous circulation with no intervening capillary bed. PAVM may cause life-threatening complications, including stroke, cerebral abscess, and hemoptysis [1] [2] [3] . Since the first report of successful transcatheter embolization of a PAVM in 1977 [4] , it has been accepted as standard treatment. However, embolization occasionally results in incomplete occlusion of the shunt (i.e., reperfusion). Criteria for determining embolization success (i.e., absence of reperfusion) on radiological images have varied with different studies. One study determined success by visual assessment, which was indicated by complete or near-complete (linear scar only) resolution of the lesion on computed tomography (CT) or chest radiograph [5] [6] [7] [8] ; another indicated success by [30 % reduction of lesion size [9] ; others indicated success by [70 % reduction [5, 6] . Visual assessment is often subjective and depends on the modality (CT versus chest radiograph) and slice thickness of CT images. Measurement of size reduction is objective, but which cutoff level accurately indicates the absence of reperfusion has not been fully investigated. Thus, we sought to retrospectively investigate an association between reperfusion and the shrinkage percentage of the aneurysmal sac after embolization using dynamic contrast-enhanced thin-section CT images. Subsequently, the cutoff value of shrinkage percentage for indicating reperfusion was determined.
Materials and methods

Study population
Our Institutional Review Board (IRB) approved this retrospective study with a waiver of obtaining informed consent. Between August 1999 and July 2011, we treated 89 PAVMs in 42 patients with transcatheter coil embolization. Inclusion criteria were as follows: (1) the feeding artery of the lesion was completely embolized with coils; (2) follow-up dynamic enhanced CT with thin-section reconstructions of the lesion of interest was performed at 1, 3, and 12 months. Exclusion criteria were as follows: (1) the sac or the draining vein of the lesion was embolized; (2) any of the follow-up CT examinations at 1, 3, and 12 months was unavailable; (3) follow-up CT was performed without contrast; (4) thin-section reconstructed CT images were unavailable for the lesion of interest. Consequently, 22 lesions in 16 patients were included in this study. Characteristics of the study population are summarized in Table 1 . Briefly, there were 5 men and 11 women; mean age was 52.6 ± 19.1 years. Seven patients were diagnosed with hereditary hemorrhagic telangiectasia. The mean diameter of the feeding arteries was 3.7 ± 1.1 mm. The type of PAVM was simple in 17 and complex in 5 lesions, according to the classification by White et al. [10] .
Embolization technique
Criteria for embolization of PAVMs in our institution were lesions with a feeding artery larger than 3 mm in diameter [11] [12] [13] and/or those that caused clinical signs and symptoms. The endpoint of the embolization was complete occlusion of all feeding arteries. Through a femoral vein sheath, pulmonary arteriography was performed to assess the lesion using a 4-or 5-F catheter. Then, the catheter or a microcatheter through the catheter was advanced into the feeding artery of the lesion until its tip was immediately in front of the sac. Immediately before embolization, 3000 IU of heparin was administered intravenously for prophylactic anticoagulation, followed by additional administration of 1000 IU per h. No other antiplatelet or anticoagulant drugs were administrated before, during, or after the procedure. First, one or a few detachable bare microcoils were placed to prevent coil migration. Then, the feeding artery was embolized using pushable fibered microcoils alone or a combination of pushable fibered microcoils and 0.035-inch coils. After embolization, pulmonary arteriography was performed to confirm complete occlusion of the feeding artery.
Follow-up examination
Embolization outcomes were evaluated with non-contrast followed by dynamic contrast-enhanced CT scanning using a single-or a multidetector row scanner (Aquilion multi, Aquilion16, and Aquilion64; Toshiba Medical Systems Corp., Tokyo, Japan, Discovery CT750 HD; GE Healthcare, Milwaukee, WI, USA, SOMATOM Definition Flash; Siemens Medical Systems, Erlangen, Germany) 1, 3, and 12 months after embolization. The scanner settings were 120 kV with the tube current set at 300 mA or automatically set by the exposure control system, depending on the type of CT scanner. The region scanned extended from the cervicothoracic junction to the upper part of the abdomen. Images were acquired during deep inspiration.
After non-contrast CT scanning, a total of 80-100 ml of contrast medium was administered intravenously at a rate of 3-5 ml/s, and CT images were acquired 33 and 90 s after initiation of contrast administration. From each data set, in addition to contiguous 5-mm transverse CT images of the whole thorax, contiguous thin-section (2-3-mm thick) transverse CT images of the area of interest were reconstructed with both mediastinal and lung windows.
Evaluation of follow-up CT
Reperfusion of the aneurysmal sac was evaluated on the thin-section transverse CT images with the mediastinal window. Reperfusion was deemed present when the aneurysmal sac was enhanced. The sac was considered to show enhancement when the CT number of the sac on contrast images increased by more than 100 Hounsfield units compared with that on non-contrast images. The maximum short-axis diameter of the sac was measured on the thin-section transverse CT images with the lung window. Aneurysmal sac shrinkage was measured using a reduction percentage of the diameter of the sac, comparing with that before embolization.
The lesions were divided into 2 groups according to the presence or absence of reperfusion at each follow-up time point (1, 3, and 12 months). Sac shrinkage percentage was compared between the 2 groups (reperfusion group versus occlusion group) with Student's t test. Receiver-operating characteristic (ROC) curves were generated to determine the diagnostic efficiency by using percentages of sac shrinkage to predict reperfusion. A P value \0.05 was considered statistically significant. The statistical analyses were performed using commercially available software (SPSS software Ò , IBM, Chicago IL, USA). Volume of coils deposited is calculated using diameter and length of the coils
Results
Embolization
The feeding artery was embolized with microcoils alone for 15 lesions and a combination of microcoils and 0.035-inch coils for 7 lesions. The mean volume of coils deposited was 143 ± 125 mm 3 (Table 1) . Pulmonary arteriography immediately after embolization showed complete occlusion of the feeding artery in all lesions. Nevertheless, the aneurysmal sac of 8 lesions was slowly opacified during the venous phase. This opacification was suggested to result from venous inflow into the sac from adjacent lung perfused by normal pulmonary arterial branches [14] . No complication occurred in any of the embolization procedures.
Reperfusion and sac shrinkage
Cases of occlusion and reperfusion are shown in Figs. 1  and 2 , respectively. Reperfusion and shrinkage percentage of the aneurysmal sac at each follow-up point in all cases are summarized in Table 1 . Reperfusion was seen in 14, 13, and 11 lesions at 1, 3, and 12 months, respectively. In all cases of reperfusion, the sac was enhanced on CT images in both of the two phases. Of the 14 lesions with reperfusion at 1 month, 3 lesions were spontaneously occluded at 3 months, while 2 of the 8 lesions with occlusion at 1 month showed reperfusion at 3 months. Of the 13 lesions with reperfusion at 3 months, 2 lesions were spontaneously occluded at 12 months. Mean (± SD) shrinkage percentage of the aneurysmal sac for all 22 lesions was 39.7 ± 16.5 % (range 11.4-80.1 %), 52.8 ± 17.9 % (range 24.3-90.0 %), and 56.1 ± 21.7 % (range 18.4-95.0 %) at 1, 3, and 12 months, respectively. There were no lesions that showed partial or mural thrombosis in the venous sac on any follow-up CT images.
Among the 8 lesions that showed retrograde opacification of an aneurysmal sac on pulmonary arteriography immediately after embolization, 3 lesions were unenhanced on CT at 1 month. Of the other 5 lesions, 1 became unenhanced at 3 month and another at 12 months.
The ROC curve using sac shrinkage percentages and a dot plot of shrinkage percentages in the reperfusion group Fig. 1 A case Fig. 2 A case of reperfused pulmonary arteriovenous malformation after embolization. a CT image before embolization shows an aneurysmal sac (arrow) with maximum short-axis diameter of 9.5 mm. b CT image 1 month after embolization shows a perfused aneurysmal sac (arrow) with maximum short-axis diameter of 4.7 mm (50.5 % shrinkage). c CT image 3 months after embolization shows a perfused aneurysmal sac (arrow) with maximum short-axis diameter of 4.7 mm (50.5 % shrinkage). d CT image 12 months after embolization shows a perfused aneurysmal sac (arrow) with maximum short-axis diameter of 5.1 mm (46.4 % shrinkage) Fig. 3 Receiver-operating characteristic (ROC) curves using sac shrinkage percentages (a) and a dot plot (b) at 1 month. a The area under the ROC curve was 0.598 (95 % CI 0.346-0.850) at 1 month. b Mean shrinkage of the aneurysmal sac was 36.3 ± 15.1 % in the reperfusion group (n = 14), whereas it was 45.6 ± 18.0 % in the occlusion group (n = 8); the difference was not significant (P = 0.21) and the occlusion group at 1 month are shown in Fig. 3 . At 1 month, the mean shrinkage of the aneurysmal sac was 45.6 ± 18.0 % in the occlusion group (n = 8) and 36.3 ± 15.1 % in the reperfusion group (n = 14); the difference was not significant (P = 0.21). The area under the ROC curve was 0.598 (95 % CI 0.346-0.850).
The ROC curve using sac shrinkage percentages and a dot plot of shrinkage percentages in the reperfusion group and the occlusion group at 3 months are shown in Fig. 4 . At 3 months, the mean shrinkage was 41.4 ± 12.1 % in the reperfusion group (n = 13) and 66.3 ± 10.4 % in the occlusion group (n = 9); the difference was significant (P \ 0.001). The area under the ROC curve was 0.991 (95 % CI 0.964-1.000). The sensitivity for reperfusion was 100 % (13/13) and the specificity 89 % (8/9) when the cutoff value of the shrinkage was set at 60 %; the sensitivity was 62 % (8/13) and the specificity 100 % (9/9) when the cutoff value of shrinkage was set at 50 % ( Table 2) .
The ROC curve using sac shrinkage percentages and a dot plot of shrinkage percentages in the reperfusion group and the occlusion group at 12 months are shown in Fig. 5 . At 12 months, the mean shrinkage of the aneurysmal sac was 39.7 ± 16.3 % in the reperfusion group (n = 11) and 72.5 ± 11.3 % in the occlusion group (n = 11); the difference was significant (P \ 0.001). The area under the ROC curve was 0.934 (95 % CI 0.831-1.000). Sensitivity was 100 % (11/11) and specificity 55 % (6/11) when the cutoff value of the shrinkage was set at 70 %; sensitivity was 82 % (9/11) and specificity 100 % (11/11) when the cutoff value of the shrinkage was set at 60 % (Table 3) .
Patient outcome
The mean follow-up period of the patients was 28 ± 12 months (range 12-51 months). All patients were alive, and none developed symptoms (e.g., hemoptysis or dyspnea) or events (e.g., brain ischemia, abscess) related to the PAVMs.
Discussion
The literature includes different modalities using various criteria for post-embolization PAVM evaluation. The modalities include arterial blood partial pressure [6, 15] , oxygen shunt testing [8] , contrast echocardiography [8] , chest radiography [6, 8, 15] , unenhanced CT [5] [6] [7] [8] 15] , enhanced CT [9, 16] , and pulmonary angiography [5-8, 15, 16] . The criteria for embolization success include complete or near-complete resolution (only linear scar visible) of the lesion on chest radiograph or CT [5] [6] [7] [8] , [30 % reduction of the sac size [9] , [70 % reduction of the sac size [5, 6] , \3 % shunt fraction by lung perfusion scintigraphy [15] , stable arterial blood gas levels (variance within 10 % of Fig. 4 Receiver-operating characteristic (ROC) curves using sac shrinkage percentages (a) and a dot plot (b) at 3 months. a The area under the ROC curve was 0.991 (95 % CI 0.964-1.000) at 3 months.
b Mean shrinkage was 41.4 ± 12.1 % in the reperfusion group (n = 13), whereas it was 66.3 ± 10.4 % in the occlusion group (n = 9); the difference was significant (P \ 0.001) value after embolization) [6, 15] , and no perfusion of the lesion on enhanced CT [9] or pulmonary angiogram [5-8, 15, 16] . We believe that chest radiography, arterial blood partial pressure, contrast echocardiography, and lung perfusion scintigraphy are not sensitive enough to document minor reperfusion. Although pulmonary angiography is the most reliable modality for evaluation of reperfusion, its invasiveness makes it difficult to perform routinely for followup of the lesions. Thus, we used enhanced CT scanning for evaluation. Because the ability to detect reperfusion may depend on reconstructed image thickness, especially for small lesions, this study included only the cases in which thin-slice reconstructed images were available.
The proportions of reperfusion in our study were higher compared with those in previous large series: 3 % (11/393 lesions) by Pollak et al. [7] , 7 % (22/306 lesions) by Prasad et al. [8] , and 8 % (25/296 lesions) by Mager et al. [15] . In those studies, however, the presence of reperfusion was surveyed mainly by unenhanced CT or chest radiography [7] , by oxygen shunt testing, contrast echocardiography, and unenhanced CT [8] , or by chest radiography and/or arterial blood gas analysis [16] . Only when reperfusion was suspected by screening was pulmonary angiography performed for confirmation. Sagara et al. [16] followed up patients with enhanced CT or pulmonary angiography. They showed 57 % (8/14) reperfusion, which is similar to our result. We suggest that percentage of reperfusion depends highly on how intensively it was surveyed by using an examination with a contrast.
The degree of shrinkage of the sac was not significantly different between the reperfusion group and the occlusion group at 1 month, which suggests that 1 month is too soon to make a significant difference in degree of sac shrinkage by the presence of reperfusion. ROC analyses showed a close relationship between reperfusion and sac shrinkage at 3 and 12 months. At 3 months,[60 % shrinkage of the sac always indicated occlusion and \50 % shrinkage always indicated reperfusion; at 12 months, [70 % shrinkage percentage always indicated occlusion, while \60 % shrinkage percentage always indicated reperfusion. These results are similar to the findings reported by Milic et al. [5] : all PAVMs with documented reperfusion at angiography exhibited residual sac and/or draining vein on CT and all PAVMs without documented reperfusion at angiography demonstrated at least 70 % reduction of the sac size. Thus, we suggest that the cutoff value of sac shrinkage indicating occlusion at 12 months should be 70 %. In contrast, the cutoff value of sac shrinkage indicating reperfusion should be 50 % at 3 months and 60 % at 12 months.
Notably, 3 of the 14 reperfused lesions at 1 month were spontaneously occluded at 3 months, while 2 of the 8 occluded lesions at 1 month showed reperfusion at 3 months. These results indicate that the embolized b Mean shrinkage of the aneurysmal sac was 39.7 ± 16.3 % in the reperfusion group (n = 11), whereas it was 72.5 ± 11.3 % in the occlusion group (n = 11); the difference was significant (P \ 0.001) PAVMs are hemodynamically unstable and thus efficacy of the embolization cannot be determined at 1 month. There are 4 mechanisms of reperfusion [5, 7] : (1) recanalization [6] , (2) accessory vessel development [6, 17] , (3) bronchial arterial supply [16] , and (4) pulmonary-artery-to-pulmonary-artery collateral development [18] . Previous studies showed that the most common (33-100 %) mechanism of reperfusion is recanalization of the embolized artery [5-8, 15-17, 19] . Treatment strategies for reperfusion are controversial. Some hold that any reperfusion should be treated because some patients with reperfused PAVMs developed neurologic events [5, 6] ; others suggest that reperfusion with a feeding artery \3 mm is too small to be occluded [9] . We agreed with the latter suggestion and performed no repeat embolization for reperfusion, because the feeding arteries of all reperfused lesions were \3 mm in diameter.
In our study, none of the patients with reperfused AVMs developed symptoms or signs related to reperfusion during follow-up. Our study has several limitations. This study was retrospective. The relatively strict inclusion criteria resulted in a small sample size. Reperfusion was not angiographically confirmed. Thus, the rate of reperfusion in our study might have been underestimated, and without angiography, the mechanism of reperfusion could not be determined. In 8 lesions showing retrograde opacification of aneurysmal sac on arteriography immediately after embolization, enhancement of the sac on CT at any follow-up time point might have resulted from residual retrograde opacification rather than reperfusion. The relatively short follow-up period (up to 1 year after embolization) is another limitation. However, we suggest that the presence of reperfusion is unlikely to change after 1 year.
Conclusions
The percentage of shrinkage of the aneurysmal sac was closely associated with reperfusion at 3 and 12 months. Sac shrinkage of \50 % at 3 months and of \60 % at 12 months indicated reperfusion.
